Studying the properties of individual events and molecules offers a host of advantages over taking only macroscopic measurements of populations. Here we review such advantages, as well as some pitfalls, focusing on examples from biological imaging. Examples include single proteins, their interactions in cells, organelles, and their interactions both with each other and with parts of the cell. Additionally, we discuss constraints that limit the study of single events, along with the criteria that must be fulfilled to determine whether single molecules or events are being detected.
INTRODUCTION
In 1827, Brown (1) observed the stochastic dancing motion of minute particles within pollen grains in water and of individual dust particles on the surface of water (1) . This radically altered the understanding of diffusion, which had been based solely on macroscopic observations. Later, it proved essential for Einstein's description of diffusion as the consequence of single molecules taking random walks (2) .
Advances in digital electronics have increased the number of different assays that can detect single events and even single molecules. Most of these technologies rely on the modalities of electrophysiology or imaging. Patchclamp electrophysiology can measure single ion channels as they open and close; wholecell-clamp electrophysiology can monitor the release of a single quantum of a transmitter in synapses; and amperometry electrophysiology can follow the release of the contents of single secretory vesicles. Meanwhile, fluorescence-based imaging can study processes such as the exo-and endocytosis of single vesicles, the dynamics of conformational changes of single H + -ATP-ases, and the movement of single molecular motors. Atomic-force-microscopy imaging yields insights into the shape and conformations of individual macromolecules.
There are several advantages to studying single events and molecules:
A particular population may exist in two separate states. A measurement of its macroscopic behavior reports only the average, whereas none of its members actually performs the average behavior.
Many biological states are transient, which may not be represented in macroscopic measurements of the average population. The macroscopic measurements may reflect the dominant population in the system, but not the biologically active individuals.
Relying on macroscopic measurements and population synchronization makes it difficult to detect the temporal order of a collection of transient events. Synchronization becomes unnecessary when using measurements of single events.
The results of macroscopic measurements can often be interpreted in multiple ways, where different microscopic events could account for the macroscopic observations. Studying single events and molecules allows us to test and disprove the possibilities. For example, when single vesicles in the neuromuscular junction release acetylcholine, it binds to channels that initiate a postsynaptic response that rises quickly, then decays exponentially. Macroscopic measurements led to two possible explanations. First, many channels may open simultaneously, followed by their amplitude dropping exponentially. Second, channels may open to constant amplitude and remain open for variable times whose duration is distributed exponentially (3) . The observation of the first single acetylcholine channels immediately demonstrated that the latter model is correct (4) .
To illustrate these advantages of studying individual events, we use two examples from the study of exocytosis, the fusion of a vesicle to the plasma membrane of a cell. Studies on the fusion of liposomes to planar lipid bilayers had implicated osmotic forces in membrane fusion (5) . In 1987, one critical question regarding the mechanism of exocytosis was whether secretory vesicles swell prior to fusing to the membrane, providing a driving force for membrane fusion, or if they swell only after fusion to the membrane as a consequence of water rushing in through the fusion pore and hydrating the contents of the vesicle.
Using the patch-clamp technique, one can determine the moment a single vesicle fuses to the plasma membrane by quantifying the capacitance of the cell's plasma membrane. The fusion of each vesicle leads to an increase in the surface area of the cell and thus an increase in the capacitance of the plasma membrane. The swelling of the vesicle can be monitored using video microscopy.
In one approach to answer the question of whether swelling occurs before or after fusion, researchers stimulated membrane fuExocytosis: the process by which cells secrete molecules, or add new molecules to their surface, by fusing a membrane surrounding a packet of molecules inside the cell to the membrane at the cell surface Secretion: the process by which cells release molecules sion, measured the average time until vesicles fused by using the increased capacitance, and then compared this number with the average time it took the cell to swell based on the video measurement. The average time between stimulation of secretion and membrane fusion was 3 ± 2 min. The average time between the stimulation of secretion and vesicle swelling was also 3 ± 2 min. Given the large variability in the time of fusion and the time of swelling, the two results were indistinguishable (6) .
In an alternative approach, researchers monitored individual fusion events and quantified the time difference between when each fusion initiated (based on capacitance) and when swelling started (as monitored by video microscopy). When this approach was applied to the study of exocytosis in mast cells from the beige mouse, swelling always occurred after membrane fusion (6, 7) . The average time between fusion and swelling was just over 100 ms (an example is shown in Figure 1 )-significantly smaller than the variation in the measurements of the time to fusion or of the time to swelling. This illustrates why this value could not be determined by calculating the difference between the average time to swelling and the average time to fusion. Investigators were able to resolve the differences between these hypotheses by studying single exocytic events.
A second example of the benefit of examining single events to study exocytosis comes from studies of calcium's role in the process of transmitter release at the presynaptic terminal. Transient changes of intracellular calcium may play a critical role in many different signaling pathways. Since the mid-1800s, it has been known that calcium is essential in the extracellular bath to maintain neuromuscular transmission (8) . Because calcium must be present at the precise moment at which an action potential passes through the terminal, researchers realized it was likely needed for a specific signaling function rather than just general viability (9) . Using aequorin, calcium could be imaged entering the terminal in a fashion that qualitatively predicted the time course and magnitude of transmitter release by exocytosis (10) . Surprisingly, the magnitude of the calcium entering the terminal did not quantitatively account for the time course and magnitude of transmitter release (11) . When the voltage across the membrane of the presynaptic terminal of a nerve was raised from its resting potential, the calcium channels opened, allowing calcium to enter the cell. With larger voltage displacement from rest, more channels opened (Figure 2a, red line) . However, making the inside of the nerve become more positive also decreases the driving force for positively charged calcium to enter and thus less calcium enters per channel (Figure 2a , blue line). Once the membrane potential was depolarized beyond zero, the total calcium entry decreased even though more calcium channels opened (Figure 2a , gold line). The plot of total calcium current as a function of voltage has a bell shape. Thus, macroscopically, the total calcium current has the same value twice during the process. However, the amount of transmitter release that occurred at more positive membrane potentials was considerably greater than the release that occurred at more negative potentials. This suggests a significant effect of membrane potential on transmitter release.
The conclusion that a disparity exists between the amount of calcium entering and the amount of transmitter release by exocytosis was based on this observation: Two different membrane potentials that yield the same macroscopic calcium current (e.g., +20 mV and -20 mV) (Figure 2a) do not yield the same amount of transmitter release. However, when the calcium currents are considered on a microscopic level, the difference between them is significant (Figure 2b,c) . At −20 mV, there are a few channels open, with a large flux through each channel, whereas at +20 mV, the same total current enters through many more channels. The distance over which the calcium concentration increases is comparable with the size of a secretory vesicle. In the extreme case of only one channel being open, with a large influx through that channel, only one vesicle can be released. When the same amount of calcium enters through many channels, many more vesicles can be released. This model, which requires examining calcium entry at the individual channel level, quantitatively accounts for the magnitude and kinetics of transmitter release (12) , and the principle of examining localized changes of calcium activity is now widely accepted.
This review focuses on the types of studies of individual events in biology that have become possible with sensitive imaging techniques since the late 1980s and early 1990s. Because of this we limit the background description to the work that directly preceded those studies. Regarding the detection of single molecules, several review articles exist (13) (14) (15) . We focus more generally on the imaging of single events, the specific advantages offered by the study of single events, and also on some of the potential liabilities and caveats that accompany such studies. In addition we discuss criteria that can be used to determine if single events and single molecules are being detected.
HISTORICAL BACKGROUND
One field that has benefited significantly from sensitive fluorescence imaging techniques is the study of molecular motors. Because of this we start the historical overview with the imaging of single events of organelle transport along filaments in the 1980s, which involved the molecular motors myosin and kinesin.
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DIC: differential interference contrast
Imaging of Organelles Moving Along Filaments
In 1982, before the motor kinesin had even been identified, "submicroscopic particles," presumably vesicles 30-50 nm in diameter, were detected moving parallel to linear elements in squid giant axons (16) . In 1985, single organelles were imaged moving along filaments from squid giant axons, single beads moving along filaments, and filaments moving along glass by using differential interference contrast (DIC) microscopy (17, 18) . Movement only occurred in the presence of axoplasmic supernatant and ATP. With subsequent electron microscopy, these researchers identified the filaments along which organelle movement had been observed as microtubules (17) . A detailed study of the transport of organelles and vesicles along microtubules suggested models for microtubule function (19) . The protein generating these movements was identified and given the name kinesin (20) . Microtubules were not the only cytoskeletal filaments implicated in directed movement. In the algae Nitella, actin and myosin were demonstrated to drive cytoplasmic streaming (21) . Also in Nitella, single myosin-coupled fluorescent beads were imaged moving along actin filaments. The movement was shown to be ATP dependent and was blocked by the inactivation of the myosin heads (22) .
Single Motor Protein Molecules
The imaging of single organelles allowed the study of two molecular motors: kinesin for movement along microtubules and myosin for movement along actin filaments. The next step of elucidating the mechanism by which these motors work required the imaging of single biomolecules. Fluorescent single-actin filaments could be moved by myosin in the presence of ATP. Researchers observed that the actin filaments bended and the motion increased in frequency and amplitude in the presence of myosin fragments and ATP (23) , and the filaments moved on a myosin-coated glass surface in the direction of their long axis in an ATP-dependent manner (24) . In parallel, investigators made advances with the microtubular motors, including the characterization of discrete step sizes on the nanometer scale. With DIC microscopy, kinesin-coated beads made ∼4-nm jumps, which were interpreted as the step size for the motor (25) . When investigators imaged microtubules being moved by kinesin molecules attached to surfaces, the kinesin maintained its grip ∼5 μm before the microtubules detached. These measurements also led to a rough estimate of the step size (15-30 nm) (26) . Using optical tweezers, researchers observed that beads covered with kinesin walked 1.4 μm along microtubules before leaving the microtubule, corresponding to 140 steps, assuming a ∼10-nm step size (27) . The use of an optical trapping interferometer subsequently refined the step size for kinesin to 8 nm (28). This step size has been confirmed (29) and is generally accepted. These investigations approached the single-molecule level and revealed new results on the mechanism of molecular motors. However, the field of single-molecule detection had to mature for the mechanism of myosin and kinesin to be fully understood (see Molecular Motors, below).
Single Molecules and Fluorophores in Solution
One of the earliest fluorescence measurements of a single molecule used 80 fluoresceins on a single γ-globulin molecule (30) . The advance to the next level of detection, a single fluorophore, had to await the early 1990s, when techniques for detecting single molecules emanated almost simultaneously: detection in solids using absorption (31) or fluorescence (32) and on surfaces using nearfield scanning optical microscopy (33) , as well as excitation with far-field focused laser light. Investigators performed the first observations using far-field focused laser light on flowing or diffusing molecules in solution. Single protein molecules of β-phycoerythrin, a protein containing 34 chromophores, were detected using far-field fluorescence spectroscopy in flowing sample streams (34) . With one of the aims being rapid DNA sequencing by the detection of single fluorophore-labeled nucleotide bases, progress was focused on enhanced sensitivity. Shera et al. (35) detected single fluorophores of rhodamine 6G in solution in 1990 (35) , and other groups soon confirmed these results with continuously improved signal-to-background ratios (36, 37) . Researchers demonstrated fluctuations between distinct states in a single molecule by the measurement of the fluorescence lifetime of dye-tagged oligonucleotides (38) . Detection and imaging of conformational changes within molecules, and imaging of interactions between single molecules (39) , have since then become the main focus in single-molecule studies. Since these first observations, single molecules in solution are now more often observed when being immobilized to surfaces (40, 41) .
Single Particles on Surfaces of Cells
After the demonstration of single-molecule detection in vitro, a natural step was to extend such measurements to cells. On cell surfaces, measurements of diffusion had been performed earlier using fluorescence techniques, albeit not on single molecules or even single particles. Biological membranes were then, according to the fluid mosaic model, described as two-dimensional fluids in which integral membrane proteins were free to move. By using fluorescence recovery after photobleaching (FRAP) (42) (43) (44) (45) , investigators showed that the diffusion of most proteins in cell membranes is restricted orders of magnitude below their theoretical values, suggesting constraints to protein diffusion in membranes (46) . Although FRAP is still a commonly used technique for observing membrane diffusion, single-particle tracking and single-molecule detection have helped researchers discover inhomogeneities FRAP: fluorescence recovery after photobleaching Total internal reflection: no energy crosses an interface when light hits above a critical angle. However, a standing field is created on the other side that decreases exponentially at fractions of the wavelength of light in cell membranes. Using single 40-nm particles of colloidal gold coupled to membrane proteins, investigators observed that diffusion was largely confined to microdomains 1-2 μm in size. Furthermore, an ATP-dependent directed motion was inhibited by cytochalasin, suggesting the involvement of actin (47) . Methods were developed for tracking individual fluorescent diI-LDL receptors on cell surfaces and for the estimation of the number of receptors in receptor clusters (48) . Single virus particles were tracked inside cells during the 1990s (49, 50) ; however, the tracking of single molecules on cell surfaces and inside cells had still not been realized at that time.
Single Molecules in Cells
Even though single molecules could be detected by fluorescence in 1989 and 1990, it took 10 years until single molecules were detected on the surface and inside living cells. Even in 2006, the majority of single-molecule-detection experiments are performed in vitro, owing to the difficulties of performing in vivo measurements (see below). In the mid-1990s, investigators studied the movement of single fluorescently labeled phospholipids in artificial phospholipid membranes (51, 52) and used fluorescence correlation spectroscopy to detect fluorescence bursts of single lipid analogs on the surface (53) and inside living cells (54) . Starting in 2000, a number of articles marked the first imaging of single molecules in cells. On the surface of cells, lipid probes with saturated but not unsaturated acyl chains associated with domains with confined diffusion, suggesting that these domains were the so-called lipid rafts (55) . With total internal reflection fluorescence microscopy, investigators imaged epidermal growth factor receptors on the surface of living cells and showed that dimerization of the receptor occurred prior to the binding of the second epidermal growth factor molecule (56) . Inside cells, lampbased epi-microscopy was used to image single R-phycoerythrin molecules in the
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FRET: fluorescence resonance energy transfer cytoplasm and in the nucleus of living cells (57) .
The entry of single adenoviruses into living cells revealed both diffusive and directed motion of viruses in the cytoplasm and in the nucleus (58) . Single influenza virus particles have also been tracked in live cells (59) , and analysis of green fluorescent protein-labeled HIV-1 particles showed that HIV uses cytoplasmic dynein to migrate along microtubules toward the nucleus (60) . Moreover, the mechanism governing the transport of single molecules in and out of the cell nucleus through nuclear pore complexes has also been analyzed in live cells (61) (62) (63) .
Although the imaging of single fluorophores is feasible in cells, there are a number of limitations to its application. We cover these limitations in depth below, but two of the critical issues for following fluorophores in cells are the blinking behavior of the fluorophores and the limited time that fluorophores stay in a particular focal plane. If a moving fluorophore cannot be followed consistently from frame to frame, it can be problematic to assume that a fluorophore observed in one frame is the same as a fluorophore that reappears a few frames later.
ADVANTAGES OF STUDYING SINGLE EVENTS
Individual events in biology could already be observed before the arrival of single-molecule detection. For example, the rise and fall of an action potential are individual events, which could be observed without molecular-scale imaging techniques. However, with the possibility of detecting single molecules and similarly sized objects, the kinds of events and processes being studied by direct imaging have increased substantially. Single-molecule detection shifts the emphasis from studying the product or outcome of systems, such as the outcome of a mutation in a certain gene, to the direct imaging of molecular interactions. The direct imaging of the interaction between units on the molecular level allows strong tests of the function of those units. We discuss two additional major advantages of studying single events below: the possibility of detecting subpopulations and the possibility of studying interactions between molecular units without synchronization.
Detecting Biologically Relevant Subpopulations
Although ensemble measurements give an estimate of the average property, the detection of single molecular units allows for the entire spectrum of properties or behaviors to be extracted. Thus the existence of subpopulations can be revealed. There are several reasons why the presence of subpopulations would be of biological significance. First, a particular population may exist in two separate states. A measurement of the macroscopic behavior of the population would reveal only the average, and none of the members of the population would demonstrate that average behavior. Second, even if the average does represent the dominant state, often in biology the transient states are significant, which may not be represented in the macroscopic measurements of the average population.
Researchers have shown that single complexes of reverse transcriptase/nucleic acids diffusing freely in solution have more than one functional state. Measurements of fluorescence lifetime, anisotropy, fluorescence emission spectra, and fluorescence resonance energy transfer (FRET) identified structurally distinct forms of complexes, some of which incorporated nucleotides and some of which did not (64) .
Diffusion of proteins in a cell. One example of how the macroscopic measurement may not represent any individual subpopulation is from the measurement of the macroscopic diffusion constant of proteins in a cell. One frequently used method for measuring the diffusion constant is FRAP (42, 44, 45, 65) . In this method, a molecule is labeled with a fluorophore, a defined spatial region of the cell is photobleached, and the recovery after photobleaching is quantified. The rate of recovery is used to calibrate a diffusion constant. An alternative approach is to track single molecules. From their walk, a diffusion constant can be calibrated. When this approach was applied to phycoerthyrin molecules in cells, there were a number of surprising observations (57) . First, the diffusion constant determined from single molecules in cells did not match in vitro measurements of phycoerthyrin in an osmotically matched glycerol solution. Second, the researchers measured a broad non-Gaussian spectrum of diffusion constants from single molecules. They calculated the diffusion constants in two different ways with consistent results: The diffusion constant was not only quite variable between different individuals of the same protein, but it would also change even while following a single protein (57) . The results were consistent with proteins continuously engaging and disengaging with various cellular components, which would yield broad spectra of diffusion constants. This suggests that the macroscopic measurements obtained from FRAP gave apparent, not actual, diffusion constants, which were the lumped sum of many proteins in different states (57) . The results were confirmed with measurements of protein molecules labeled with four to five fluorophores in the cell nucleus, which also revealed a broad distribution of diffusion constants (66) .
Conformational fluctuations in proteins and DNA. Before single-molecule detection, it was difficult to address the relation between the function of larger molecules, such as proteins, and their inherent conformational dynamics. For example, an enzyme's turnover rate may change as the enzyme changes from one conformation to another. If the enzyme has to walk through many conformational substates before a large change in its catalytic activity takes place, a memory effect is observed, so the times required for adjacent catalytic turnovers are not independent. That a protein may exist in different conformational states with different activities had been previously proposed (67, 68) . With singlemolecule detection, new possibilities for investigating these effects became available because dynamic heterogeneities could now be discriminated from static ones. Macroscopic measurements of a tetramethylrhodamine molecule bound to an 18mer oligonucleotide showed a biexponential decay of the fluorescence lifetime. In contrast, measurements of single molecules revealed that each molecule displayed either a single exponential decay or a combination of the two lifetimes observed in the ensemble measurement, suggesting fluctuations between different fluorescent states (38) . Investigators further analyzed these fluctuations using fluorescence correlation spectroscopy and observed a stretched exponential relaxation behavior, indicating a distribution of relaxation rates (38, (69) (70) (71) . Numerous single-molecule papers are now reporting details on conformational dynamics and protein function. Researchers have studied proteins by measuring the fluorescence from the active site of the enzyme cholesterol oxidase during catalytic turnovers (72) , by measuring fluctuations in the fluorescence lifetimes of a flavin when bound to flavin reductase (40) , by measuring the enzymatic degradation of single double-stranded DNA molecules to single-stranded DNA by λ-exonuclease (73) , by monitoring the fluorescent products generated by immobilized enzyme molecules (74) (75) (76) (77) , and by measuring FRET between parts of single hairpin ribozymes, correlating structure to enzymatic function (78) .
The Possibility of Observing Molecular Events without Synchronization
Before biological interactions could be imaged at the molecular level, investigators used different tricks to synchronize processes to observe them. For example, to study the steps in the cell cycle, the cells can be transiently arrested in one phase by disrupting the cytoskeleton or starving the cells of growth
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factors. Upon restoring the cells to a normal growth medium, the cells are relatively in sync (79) . For a brief period, changes in the cell cycle could be followed in sequential order. Synchronization could also be accomplished with conditional temperature-sensitive mutants. For example, a study of consecutive exocytosis used temperature-sensitive mutants to accumulate secretory vesicles in the cell, and secretion was subsequently triggered by returning cells to the permissive temperature (80) . In myoglobin, the rebinding of CO or O 2 after bond breaking has been analyzed using flash photolysis (67) to generate synchronization. Stopped flow and T jump are other techniques that have been used for the synchronization of dynamic processes. Such synchronization attempts may allow a first step to be observed after triggering the system; however, two or more steps would be difficult to resolve owing to dephasing.
In contrast, the imaging of individual events allows unlimited consecutive steps to be observed in theory because no dephasing occurs. Thus, imaging at the molecular level not only removes the need for synchronization, it also allows for the imaging of consecutive, dependent interactions between molecular units.
Interactions between single molecules.
One powerful example of the potential of studying the interactions of individual molecules comes from studies of the dynamics of the selection of tRNA on ribosomes (41, 81) . In one study, researchers immobilized purified ribosomes on quartz slides via biotinylated mRNA, with ribosomes preformed with tRNA in the P or the A site. They used FRET between a single Cy3-tRNA in the P site and Cy5-tRNA in the A site to characterize the dynamic exchange between two distinct tRNA configurations on the ribosome, corresponding to the classical and hybrid states of the ribosome (41) . They contrasted each singlemolecule recording with others by synchronizing to the first FRET signal above a minimum threshold (see Figure 3) . This made it possible to compare different traces and create population histograms. At a single-molecule level, different states during tRNA selection and codon recognition were distinguished using inhibitors of different ribosomal states. The different states were achieved using nonhydrolyzable variants of GTP and ribosomes mutated within the GTPase activation site (the SRL), and by testing tRNA with mismatching bases (81) . As a result, they found a new codon recognition state and evidence that the SRL is directly involved in GTP hydrolysis by EF-Tu. These interactions between tRNA and ribosomes are a striking example of dependent, consecutive events that can only be observed by imaging at the molecular level.
Molecular motors.
The imaging of single events has contributed significantly to the study of two kinds of molecular motors: the motility motors that move cargo along the cytoskeleton and the metabolic motors that generate ATP from proton gradients. The initial studies of motility motors focused on the size of individual steps. This work has advanced to addressing mechanistic questions such as whether the motors move hand-overhand or like inchworms, or what the effect of tension is on the dynamics and energetics of the motors.
According to the hand-overhand model suggested for the walking mechanism of myosin and kinesin, the two heads of myosin/ kinesin walk by alternating which one is the leading head, similarly to how humans walk. One of the first tests of these models utilized DIC microscopy to image microtubules bound to immobilized kinesin molecules (82) . The kinesin molecules were attached to glass coverslips by the distal end of the neck, so instead of twisting the stalk of kinesin, the rotation of the microtubule would be observed. The researchers never observed the microtubules performing the 180
• rotations that the hand-overhand model predicted. Therefore, they proposed an alternative, testable, inchworm model for the walking mode of kinesin. In the inchworm model, one kinesin head is always the leading one. The authors, however, acknowledged that depending on the behavior of the neck-linker domain, an asymmetric hand-overhand model could not be ruled out (82) . Investigators further tested the models by using total internal reflection fluorescence microscopy and by labeling individual arms of myosin. It had been shown previously that the center of mass of myosin moves with 37-nm steps. The inchworm model predicted that the dye on the arm would move with 37-nm steps, whereas the hand-overhand model predicted alternating (37 + 2x)-nm and (37 − 2x)-nm steps, where x is the dye's distance to the midpoint of myosin in the direction of the actin filament. The experimental observations supported the hand-overhand model (83) . More recently, researchers demonstrated that as the motor moves, each head takes steps of 74 nm, and the heads alternate taking the leading position, with each one being displaced from the other by 37 nm (84). Such observations are inconsistent with the inchworm model, which posits that one head maintains a leading position.
A similar analysis was applied to study the mechanism of action of kinesin. It had previously been established that the center of mass of kinesin moves with 8-nm steps (28) . However, when researchers observed single molecules walking on microtubules (83, 85) , the individual arms/heads take steps of 17 nm (85) . Such steps are consistent with a handoverhand model for kinesin as well. Furthermore, a kinetic analysis of the dwell times between steps of single kinesin molecules indicated that the steps were either 17 nm or 0 nm, also supporting the hand-overhand model.
Studies of the F 0 F 1 -ATP synthase started addressing basic mechanistic questions, such as if it formed a rotary motor. The F 0 F 1 -ATP synthase has been the subject of many single-molecule studies, the first published in 1997 in which the subcomplex rotate during ATP hydrolysis (86) . This paper was a milestone in the understanding of ATP synthase; the direct observation of the rotating F 1 -ATPase ended any further debate on whether ATP synthase worked by rotation.
Subsequent studies examined the energetics and dynamics of the substates. By labeling the subunits on F 0 and F 1 with TMR and Rh110 and Cy5, respectively, three different levels of FRET could be studied. The F 0 F 1 -ATP synthase moved through three step rotations of 120
• , and each could be associated with a discrete level of FRET (see Figure 4) . Investigators found that the temporal order by which the synthase went through each of the three FRET levels-the direction of Endocytosis of clathrin and AP-2. When endocytosis was followed by total internal reflection fluorescence microscopy, the AP-2 always disappeared prior to the internalization of clathrin. Reprinted from Rappoport et al. (89) with permission.
rotation-was determined by whether the movement was predominantly driven by a proton gradient or by ATP hydrolysis (87) . The ability to characterize the temporal order of the states of the F 0 F 1 -ATP synthase depended on imaging at the single-molecule level.
Endocytosis.
One of the pathways of endocytosis, the budding off of a vesicle from the membranes in cells, involves the protein clathrin. At the surface of the cell, clathrin is observed to localize with cargo molecules, as well as with a number effector molecules in endocytosis such as epsin (>60% colocalization), dynamin, and adaptor protein complex AP-2 (>90% colocalization). In some cell types the clathrin turns over approximately every 10 min. Every minute, approximately 15% of the clathrin internalizes, which means that every second, approximately 0.25% internalizes, and when imaging at 10 frames per second, approximately 0.025% of the clathrin internalizes from frame to frame. Thus, at these rates of imaging, the bulk of clathrin at the surface is static, and the transient disappearance of clathrin is a relatively rare event. However, this rare transient state quantitatively accounts for the observed rates of endocytosis. An examination of the minority population of clathrin that is internalizing (0.025% per frame) reveals that AP-2 cannot be detected in the vesicles (88, 89) . In some circumstances the AP-2 dissociates from the clathrin prior to internalization (see Figure 5) , and in some cases the clathrin septates off, leaving the AP-2 behind. If it was possible to tightly synchronize endocytosis, it might have been possible to detect this transient state from macroscopic measurements. However, by monitoring single events, it was not necessary to synchronize and the transient change was easily quantifiable.
PITFALLS IN SINGLE-EVENT DETECTION
There are a number of potential difficulties to studying single events, which we cover in detail below. First, the detection of single events usually pushes the limits of what can be detected. Larger fluorophores or multiple fluorophores are often used to increase the signal, leading to the following questions: How do we know if labeling is not interfering with the events, and how do we determine whether single or multiple molecules are being detected? Second, the first time single events are detected in any particular system usually involves a new assay. How can one determine if the assay is reporting the event that one is hoping to study? Third, if a single event
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Quantum dots (QD): a semiconductor nanocrystal, which is fluorescent is detected, how can one determine if it is a representative event rather than an aberrant anecdote?
Are Labeled Molecules Functional?
Most studies of single events involve attaching a tag to one of the molecules of interest. These tags have included silica beads, gold particles, and fluorophores. Each of these tags is limited by the number of photons it can generate. In general, the larger the tag, the greater the signal-to-background ratio and the greater the ease of detection. For example, an organic fluorophore may only be able to generate 10 7 photons per second and photobleach after approximately 1 s, whereas a larger fluorophore such as a quantum dot may generate 5 × 10 7 photons per second and may not photobleach during the time course of the experiment.
The restricted rate of photons limits the spatial resolution, the temporal resolution, and the ability to resolve one fluorophore from another. Thus, there are advantages to using larger tags that can generate more photons per unit time. However, larger tags are more likely to disrupt the movement of the molecule to which they are attached, and they are more likely to disrupt the interactions with other molecules of interest. The larger tags, such as quantum dots, are also usually multivalent, which raises concerns about crosslinking their targets (90) .
How can one determine if the labeled protein is functional? A number of different criteria could be used, but not all of them are applicable to all circumstances. For in vitro measurements, the activity of labeled biomolecules can be compared with unlabeled ones. In the case of enzymes, the turnover rate can be contrasted for unaltered and tagged molecules (41, 87) .
For measurements in cells, one test is whether the labeled molecules colocalize with the unlabeled molecules. A second test is to determine if the presence of the labeled molecules has any detectable adverse effects on the physiology of the processes to be studied. For example, the studies of endocytosis described above required expressing various proteins (clathrin, epsin, adaptin) as fusions to fluorescent proteins. The expression of each of these had no detectable effect on the internalization of transferrin (Figure 6) (91) . A third test is to see if the labeled protein can complement the loss of the endogenous protein (using small interfering RNA or a genetic mutation). Unfortunately, none of these tests is foolproof. A small interfering RNA might not reduce levels sufficiently to affect function. Alternatively, the labeled molecule may be functional but not introduced at proper levels to restore the macroscopic function. The development of methods for determining if a labeled molecule is functional is of extreme importance.
Criteria for Identifying Single Molecules
The experimental situation determines which approach can be used to test the detection of single molecules; for example, during live-cell imaging, the possibilities are different compared with when molecules are imaged in vitro. Therefore, we discuss the evidence that can be used in three different situations: immobilized molecules in vitro, freely diffusing molecules in vitro, and molecules in cells.
Several techniques exist for detecting whether two single molecules are bound. By labeling binding partners with dyes with different emission wavelengths, different fluorescence lifetimes, or different brightness, one can determine whether single detected molecules are bound or unbound (92) (93) (94) . However, here we focus on how biomolecules labeled with dyes of a single type can be distinguished from two or more biomolecules bound to each other or aggregates of molecules all carrying dyes of the same type.
In vitro-immobilized molecules. Singlemolecule studies are often carried out on immobilized biomolecules, such as purified proteins or DNA. Immobilizing biomolecules Photobleaching. When molecules are illuminated until they photobleach, bleaching should occur in a single step. If the fluorescence spot originates from several molecules, a multistep decay or even an exponential decay is observed. When using FRET, if the donor bleaches, the fluorescence of both the donor and the acceptor ceases in a single step (95) . However, if the acceptor bleaches, its fluorescence drops to background in a single step while the fluorescence of the donor simultaneously increases in a single step to its maximum, unperturbed, intensity level. This dual response is a specific indication of photobleaching of single donor/acceptor pairs. Sometimes, even when imaging a single molecule, one can observe a minor initial decay. This can be the result of the bleaching of molecules from out of the plane of focus. However, a single molecule should bleach down to background in a single step.
Fluorophores can enter long-lived dark states that can easily be mistaken for photobleaching. In fluorescent proteins, such dark states have been observed that can be switched on by irradiation at other wavelengths (96, 97) . It was recently reported that the fluorescent dye Cy5, which is often used as acceptor in single-molecule FRET measurements, can be switched back on from an apparent photobleached, dark state using 488-, 514-, or 532-nm radiation. Moreover, a separate dark state was found, from which Cy5 quenches the fluorescence of the donor via energy transfer even stronger than from its fluorescent state (98) . In addition to making FRET measurements more difficult to interpret, such dark states could create confusion as to whether single molecules are being observed. inorganic fluorophores and is fairly well described for the inorganic fluorescent semiconductors known as quantum dots (99, 100). The blinking sometimes limits the kinds of questions that can be addressed in single-molecule experiments, but it can also be used as a criterion for single-molecule detection. The detected fluorescent spots in a single-molecule experiment should blink between two distinct fluorescence levels (see Figure 7) . Aggregates of two or a few molecules will still appear to blink, but two distinct levels will not be distinguished. Larger aggregates, or many fluorophores bound to the same biomolecule, will not appear to blink at all. In some circumstances even single molecules can blink between more than two levels. In such cases, the blinking properties cannot be used to distinguish single molecules from multiple molecules. Moreover, multichromophoric systems exist, such as the protein β-phycoerythrin (101) or conjugated polymers (102, 103) that behave like single fluorophores in terms of blinking and photobleaching, even though they consist of many chromophores. They are, however, one single macromolecule and are not aggregates of molecules. Thus, despite the complex behavior in some fluorescent molecules, the fluorescence from a spot that is stably blinking between two distinct levels can only originate from a single molecule.
As in the case of bleaching, in a singlemolecule FRET experiment, if the donor enters the dark state, both donor and acceptor cease to fluoresce simultaneously. If the acceptor enters the dark state, the acceptor ceases to fluoresce while the donor simultaneously enters its maximum, free intensity level. Once again, the possibility of fluorophores entering long-lived dark states should be considered (98) .
Fluorescence intensity histogram.
In some experimental situations neither photobleaching nor blinking can be observed. This could occur if molecules can only be imaged for a limited time. In such a situation, evidence that single molecules are observed can be obtained by creating a fluorescence intensity histogram. First, one needs to generate an intensity histogram from a control sample in which the existence of single molecules can be independently tested. Then, if the histogram of the detected molecules has the same intensity distribution as the control, it is evidence that single molecules are detected. An intensity threshold can be defined, and individual fluorescence spots exceeding that threshold can be classified as being two or more molecules.
Antibunching. If molecules are imaged by the measurement of the fluorescence lifetime, antibunching is a signature of a single fluorophore. Antibunching is the decreased probability of detecting a second photon directly after (within fractions of the fluorescence lifetime of the dye) the detection of the first photon (104) (105) (106) . The applicability of this approach is limited by the requirement of a relatively high intensity of excitation. Recently, researchers used antibunching to determine if an oligonucleotide was labeled with one or two Cy5 molecules (106).
Polarization.
Another criterion for evaluating if the fluorescence is coming from a single immobilized chromophore is to measure the polarization of the emission. This approach takes advantage of the single dipole moment of individual molecules. If a single polarization direction from emitted light is observed, it is strong evidence of a single molecule. If the fluorescence at a particular spot is the product of multiple fluorophores, then as long as they are not exactly aligned, more than one emission polarization will be observed. Alternatively the total emission at certain polarization angles of excitation can be measured and will reveal whether a single fixed dipole is being detected (107) .
In vitro freely diffusing molecules. In many studies, single molecules have been detected when diffusing freely in buffer solution through a (usually diffraction-limited) focused laser beam (36) (37) (38) 70) . The high excitation intensity per area, combined with a low background from scattered photons owing to the use of a pinhole in the image plane, gives a large signal-to-background ratio. Moreover, because molecules usually are observed away from any glass surface, potential perturbing effects from surfaces are avoided (108, 109) . On the downside, molecules only can be observed for as long as they reside in the detection volume. The duration can last anywhere from a few tens of microseconds to tens of milliseconds.
The short observation time also limits the possibility of determining whether single molecules, as opposed to aggregates of molecules, are being detected. Molecules can usually not be observed long enough to observe a single photobleaching step, and the criterion of blinking between two distinct levels cannot be applied because the fluorescence intensity of a molecule depends on its exact position in the Gaussian excitation profile.
Analogous to the situation with immobilized molecules, a fluorescence intensity histogram can be used to test whether single molecules are being detected. For freely diffusing molecules, this approach has been developed in detail and is known as fluorescence intensity distribution analysis (110) or photon counting histograms (111) . The intensity distribution from single biomoleculeslabeled either with a single fluorophore or with a well-defined number of fluorophoresdiffers from an intensity distribution of biomolecules bound to each other or aggregates of molecules. Compared with a histogram of immobilized molecules, this approach gives broader distributions owing to the varying paths of molecules through the open volume (94) . Fluorescence intensity distribution analysis has been combined with the analysis of polarization, emission wavelength, diffusion time, and fluorescence lifetime to increase sensitivity (110, 112, 113) . Clearly, if molecules are labeled with an unknown amount of fluorophores, it is more difficult to determine whether a detected burst originates from a single unit or an aggregate of units.
In vivo. Imaging of single molecules in live cells clearly has great possibilities, but it also www.annualreviews.org • Studying Individual Events in Biologyposes great challenges. One challenge is how to introduce the molecules of interest to the cells. Molecules on the surface can be labeled directly. There are a few different approaches for labeling proteins in the cytosol. The molecules could be labeled noninvasively by letting cells express the proteins of interest fused to fluorescent proteins. Alternatively, the molecules of interest can be labeled in vitro and then invasively introduced into the cells. There are a variety of approaches, including microinjection, scrape loading, syringe loading, osmotic lysis of endosomes, and the use of cell-permeant peptides (114) (115) (116) (117) .
One critical problem for in vivo studies of single molecules is the endogenous fluorescence of cells. This raises the background fluorescence and thereby reduces the signal-tonoise ratio, which is almost always marginal even under optimal conditions. Thus, demonstrating that a signal in a cell originates from single molecules is not as easy as in in vitro systems.
Single fluorophore-labeled molecules. The possibility of using single-step bleaching and blinking as criteria for single-molecule detection in cells depends on the length of time a single molecule can be monitored. Sako et al. (56) imaged single-step bleaching events of fluorophores coupled to relatively immobile receptors on the cell surface (56) . However, if molecules are imaged when diffusing relatively freely in the cytoplasm or in the nucleoplasm of cells (57, 66) , even large proteins such as B-phycoerythrin only remain in focus for ∼240 ms (57) . Photobleaching and blinking are observed on this timescale, but both are difficult to distinguish from a molecule that is leaving and re-entering the field of view. To test if a fluorescent puncta diffusing in three dimensions inside cells is a single molecule, one option is to create an intensity histogram and compare it with a control histogram. A second option is to measure the diffusion constant to see if the mass is consistent with that of a single molecule.
Multiple fluorophore-labeled molecules.
The ability to image single molecules is often limited by the intensity of a single fluorophore. One way to increase the fluorescence intensity per molecule is to label the biomolecules with multiple fluorophores. This may be necessary in live-cell imaging to overcome endogenous background fluorescence, especially if fluorescent proteins are used, which are less bright than organic dyes. In an experiment applying this approach, the first indication of single-molecule detection is that a fluorescent spot has constant fluorescence intensity while it moves, and no other units associate to or dissociate from this spot.
With multiple dyes on a single biomolecule, neither blinking nor a single-step bleaching is observed. If each biomolecule has a defined number of fluorophores attached, one can use calibration of the fluorescence intensity from a single biomolecule to determine which detected spots originate from single or multiple biomolecules (118) . In essence this is the same approach as the fluorescence intensity histogram comparison.
DOES THE SIGNAL REPORTED BY OUR ASSAY REPRESENT THE SINGLE EVENT OF INTEREST?
With the introduction of new techniquesparticularly techniques that push the existing limits of detection-it is the controls that give strength to the observations. For example, for the first recordings of single ion channels, researchers needed to demonstrate whether the fluctuations in the current were the consequence of a channel opening and closing, or if they reflected variations in the resistance of the seal between the glass and the membrane (119) .
Evidence that an assay is reporting the event one is hoping to study can be given by showing that the system behaves as expected when exposed to different parameters. First, one can test whether a GTPdependent single-molecule system behaves as expected when exposed to nonhydrolyzable GTP analogs (81, 87) . Second, when single molecules are detected, one can measure their emission spectrum and show that they are identical to the spectrum of the same type of molecules from a control experiment. Third, and perhaps the most important test, one can compare the distribution of the behavior observed from single events with the mean value obtained in a separate ensemble measurement. The following are some recent examples of observations of single events, focusing on the controls of the observations.
Protein Translocation Across Membranes/Export
Proteins that enter the secretory pathway of eukaryotic cells are made on ribosomes that are docked on the cytoplasmic side of the membrane of the endoplasmic reticulum. In 1989, researchers questioned whether nascent proteins enter the lumen of the endoplasmic reticulum by crossing through the hydrocarbon core of the lipid bilayer, or if they traverse the membrane through an aqueous channel? They tested two possibilities by taking membranes from the endoplasmic reticulum and fusing them to a planar lipid bilayer. The rationale was that if there are channels large enough to allow proteins to pass, they should be considerably larger than the channels that let ions pass, and therefore they should be amenable to study by the same kinds of techniques. With this approach, investigators observed a number of channels that were considerably larger than conventional ion channels (120) . However, the critical test was to determine what was being observed: Were these channels involved in the movement of proteins across the membrane? The first test treated the membranes with puromycin, a tRNA analog that causes the release of nascent peptides from their biosynthetic ribosomes. The addition of puromycin resulted in the appearance of a channel in the membrane that was considerably larger than conventional ion channels. At low levels of puromycin (200 nM), individual channels could be observed, and at higher levels (200 μM), there was a macroscopic increase in the conductance of the membrane (121) . This could indicate the unplugging of polypeptides from channels. However, what if puromycin had some other effect on the membrane, causing the observed increase in conductance? To test this, researchers added puromycin to lipid bilayers that did not contain proteins from the endoplasmic reticulum, and they did not observe an effect. Furthermore, the addition of puromycin to the side of the membrane opposite the ribosomes (the equivalent of the lumen of the endoplasmic reticulum) had no effect on the conductance of the membrane; however, the subsequent addition of puromycin to the cytoplasmic side resulted in the release of the nascent polypeptides and the unplugging of the protein-conducting channels (121) . Finally, the addition of the signal sequence, the amino acid segment of proteins that targets them for translocation, was by itself sufficient to open these channels (122) .
Researchers are now studying these channels using structural biology (123) (124) (125) , and they are studying the effect of signal sequences to gain insight into the physiological regulation of this pathway (126) . Similar channels have been observed in the mitochondria (127, 128) , the chloroplast (129), the bacterial plasma membrane (122) , and even the outer bacterial membrane for the export of phage (130) . Although the observation of a channel was sufficient to address the question of its existence, the critical test was in the controls to determine what was being observed.
Membrane Exocytosis/Endocytosis
The ability to observe the fusion of individual vesicles offers the potential of addressing questions such as when various proteins engage/disengage from the vesicles during docking and fusion, and if vesicles release all or none, or if they can partially release their contents. One of the first visualizations of a single vesicle was made for the release of a granule from the mast cell of the beige mouse (see Introduction, above, for a further discussion). These are mast cells from mice with a particular mutation that results in enormous micron-size granules.
Secretory vesicles, however, are usually one to two orders of magnitude smaller. Because these vesicles are smaller than the wavelength of light, it has proven problematic to follow individuals as they dock or fuse to the membrane. There is simply too much background fluorescence from other vesicles in the proximity of the membrane to detect single vesicles. One way to overcome this problem is to selectively excite a narrow plane of fluorophores <100 nm above the cover slip using total internal reflection fluorescence to generate an evanescent wave (131) (132) (133) . Narrowing the excitation limits the fluorescence to only those vesicles adjacent to the plasma membrane (134, 135) .
The strength of the evanescent field decays exponentially from the membrane. Thus, when a vesicle with labeled fluorophores approaches the membrane, its fluorescence is observed to increase. After variable time, the lateral movement of the vesicle in the plane of the membrane ceases (136, 137) , and the fluorescence is observed to rapidly expand laterally (134, 135) .
One potential explanation for this lateral expansion of the fluorescence is exocytosis: the vesicle fused to the plasma membrane resulting in the rapid lateral diffusion of the vesicular contents. However, an alternative explanation is that as the vesicle gets closer to the membrane, and is excited more strongly by the evanescent field, photodamage results in lysis of the vesicle and thus lateral spread of the fluorophores.
How do we determine if the single event observed is reporting the event that we wish to study? Both explanations can account for the observations. One potential way to resolve the possible explanations is to selectively label only the membrane components of the vesicle (either lipids or proteins). Such a label would lead to two predictions that would distinguish between the models. First, if the vesicle was fusing to the plasma membrane, then it should deliver all its fluorophores to the plasma membrane. Thus, a measure of the total fluorescence of the vesicle (integrated over all of the pixels) would increase as the vesicle approaches and fuses, and then would remain constant because the fluorophores are now at a fixed distance from the membrane. Conversely, if the vesicle were lysed, then all of the fluorophores would not be resident in the plasma membrane. Second, if the vesicle were fusing to the plasma membrane, the fluorescent membrane components would then diffuse laterally in the plane of the plasma membrane. The spread of fluorescence should follow the relation of D = cm 2 s −1 . The area would increase linearly with time, and the slope of that increase would be the diffusion constant (138) . If the vesicle had lysed, the membrane markers might remain in place or move away. However, they would not diffuse out laterally with the diffusion constant of a membrane protein in a lipid bilayer. Investigators have used such quantitative approaches to study the fusion of vesicles from the biosynthetic secretory pathway (139), the recycling pathway (140) , and from lysosomes (141) . The critical issue is that if the proper criteria can be established for determining if fusion is occurring, then the single events can be used to study the plethora of questions about exocytosis.
Endocytosis is the internalization of membrane components at the surface of a cell. Clathrin-mediated endocytosis occurs via 90-nm vesicles. What criteria can be used to determine if single endocytic events are being observed? When single components of the endocytic machinery, such as clathrin, are expressed as a fluorescent protein, they are observed in small puncta at the cell surface. Approximately 0.25% of these puncta disappear each second (142) . Thus, this is a relatively rare event that could be explained a number of ways. First, it could be the result of photobleaching of the fluorophores. Second, it could be the result of labeled proteins dissociating from the membrane, rather than a puncta of proteins moving away together in an endocytic vesicle.
The following are three potential criteria that one can use to test if these events represent endocytosis. First, multiple endocytic markers can be labeled and followed at the same time. When one endocytic marker disappears, then all other markers at the same place disappear at the same time and the same rate. This would be consistent with them all leaving the evanescent field (143) . Second, if the endocytic markers disappear from the evanescent field, but are still present with wide-field illumination, then they have not bleached and they have not dissociated, which is consistent with endocytosis (144) . Third, if the rate of the disappearing events quantitatively accounts for the known rates of endocytosis, then this would be an additional criterion supporting endocytosis (143) .
WHEN IS A RARE ANECDOTAL EVENT SIGNIFICANT?
One of the powerful aspects of studying single events is that one observes the entire spectrum of behaviors of individual events. Thus, rather than measuring the mean behavior of the system, a complete histogram of behaviors is generated. There are many examples in biology in which the single behavior is bimodal. For example, ion channels have discrete states of conductance. Information about the histogram of each of the conductance states under different conditions offers greater information than just the mean conductance. Upon examining individual molecules, it becomes clear that there are differences even between molecules that should otherwise be considered identical. One ion channel may be flickering rapidly between being open and close while another is in a period of relative quiescence. These differences may be the consequence of a number of different factors, for example, covalent posttranslational modifications such as phosphorylation or the binding of specific modulators such as ions or lipids.
However, this sensitivity to single molecules is also a potential drawback. If there are variations from individual to individual, then when an individual event/molecule is studied, a critical question is whether it is a representative event/molecule or an aberrant anecdote. This is not a trivial problem. Let us say one particular event is observed only 0.1% of the time. How should one determine if this particular event is of physiological significance or an aberration? Something that is present so rarely may be a single molecule that is damaged, modified, or targeted for degradation. The activity observed in a single event may be inconsequential to the physiology of the cell. There are numerous anecdotal examples that are inconsequential: They are simply the result of examining many single events. Dyson illustrates this point in the following: "In the course of any normal person's life, miracles happen at a rate of roughly one per month. During the time that we are awake and actively engaged in living our lives, roughly for eight hours each day, we see and hear things happening at a rate of about one per second. So the total number of events that happen to us is about thirty thousand per day, or about a million per month. With few exceptions, these events are not miracles because they are insignificant. The chance of a miracle is about one per million events. Therefore we should expect about one miracle to happen, on the average, every month" (145) .
However, just because the observation of an event is rare does not mean that it is not significant. The activity of even a small minority population may be the significant population for understanding the physiological activity of this molecule. Many interactions in biology are transient, and as a result their activity is transient. The phosphorylation of key molecules in the nuclear envelope (such as the lamins) is a transient event: They are phosphorylated for a small fraction of the time. However, this transient phosphorylation is essential for the breakdown of the nuclear envelope during mitosis.
An example of this quandary is the school bus problem. Let us say an alien force arrives on Earth and wants to determine the role of the rectangular yellow wheeled boxes observed on the North American continent. A series of aerial photos would predominantly capture school buses in large parking lots (Figure 8) . A quantitative analysis would reveal that school buses strongly colocalize with barbed wire and guard dogs. Every so often a photograph would capture a single isolated school bus moving down the street picking up or dropping off kids. However, a quantitative analysis of the buses reveals that these represent only a few percent of the total school buses and therefore would be considered irrelevant to their normal physiological function (i.e., the once-a-month miracle).
In the above examples (the phosphorylation of lamins and the transport function of school buses), the significance of the transient events could be captured if the behavior of the lamins/school buses was synchronized (to the cell cycle or the school schedule). The advantage of detecting single events is that it is not necessary to synchronize the system or to know which events should be used for triggering the synchronization.
Conversely, when a particular event represents a substantial percentage of the population, it is still important to determine the significance of the behavior of the majority. This problem is particularly acute when a protein fused to a fluorophore is overexpressed. Our attention is drawn to the brightest signal. However, when expressed at high levels, the bulk of a protein may exceed the concentration of its normal binding partners. Thus, the localization or function of the protein of interest may be aberrant. An extreme example Across the North American continent it is possible to observe large herds of wheeled yellow boxes. These yellow boxes are found to overwhelmingly colocalize with barbed wire and guard dogs ( p < 0.001) and thus are believed to play a role in maintaining security of the planet.
of this is the accumulation of overexpressed proteins into inclusion bodies.
Even when a protein is not overexpressed, the behavior of its dominant population may not represent its dominant physiological function. For example, in a Xenopus oocyte, many of the nuclear pores are found in membrane sheets called annulate lamellae in the cytoplasm (146) . These excess pores are stored up in preparation for when rapid nuclear division occurs after fertilization, and many pores in the nuclear envelope are required in a short time period. If one studies these pores in the cytoplasm, one would never get an indication that they were involved in nuclear transport.
CONCLUSION AND OUTLOOK
Researchers have gained much knowledge about cell mechanisms by using the direct imaging of single events at the molecular level. Using fluorescence imaging, they have analyzed interactions between biomolecules, between biomolecules and parts of the cell, dynamics within biomolecules, and processes such as endocytosis and exocytosis. Fluorescence imaging at the single-molecule level is the best technique today for directly observing the interaction and dynamics of biomolecules, and for revealing the mechanisms of molecular motors.
The majority of these studies have been performed in vitro, which so far best utilizes the spatial and temporal resolution of fluorescence imaging. An important step will be to facilitate the imaging of single molecular events inside living cells. For this several obstacles remain, such as labeling the molecules specifically, improving methods for determining if the labeled molecule is functional, controlling the concentration of the molecules of interest, and increasing the time period for which molecules can be kept in focus. For the latter problem, Gratton and coworkers (147) have suggested an approach that involves the automatic continuous adjustment of the focus of the objective. This technique currently allows tracking of particles over a range of 100 μm with 30 frames per second (147) . When these remaining difficulties are overcome, it will be interesting to see what new discoveries can be performed from the fluorescence imaging of single events inside living cells.
SUMMARY POINTS

1.
Investigators can use studies of single events to test models of biological mechanism.
2. Studies of single events facilitate the detection of infrequent subpopulations or transient events.
3. Studies of single events do not require macroscopic synchronization of a population to resolve the temporal order of events.
4. The strength of the signal can limit the studies of single events.
5. When studying a single event, it is important to resolve what is actually being reported by the assay. Specific criteria can determine when a single fluorophore is being detected.
6. Studies of single events must involve quantification to ensure that rare events are not insignificant anecdotal observations.
FUTURE ISSUES
Several improvements could greatly facilitate imaging of single events and biomolecules.
1. The development of small fluorophores, ≤3 nm diameter, with improved brightness, narrower emission spectra, and greater photostability.
